Rapid non-culture-dependent assays for identification of fungi quicken diagnosis and prompt treatment of invasive fungal disease. Fungal DNA extracts from pure cultures of the most frequently isolated fungal pathogens belonging to the Genera Aspergillus, Candida and Cryptococcus along with less common pathogenic Genera were amplified with the general fungal primer pair internal transcribed spacer-1/4. Subsequently, the amplicon was digested with the restriction endonucleases MspI, HaeIII, HinfI and EcoRI in order to generate genus-or species-specific patterns for identification of the fungus. HinfI produced indistinguishable fingerprints for all Aspergillus species tested. MspI produced species-specific patterns for: Cryptococcus neoformans, Cryptococcus non-neoformans, Candida albicans and Candida tropicalis. EcoRI succeeded in differentiating penicillia from aspergilli and cryptococci from Candida spp. It is concluded that this procedure can differentiate genera and occasionally species of medically important fungi and that following the necessary validation experiments, it can be used directly on clinical samples to assist prompt diagnosis of systemic fungal infections. z
Introduction
The hazard for invasive fungal disease constitutes a signi¢cant cause of concern for the immunocompromised patients, as intensive immunosuppressive chemotherapy, widespread use of broad-spectrum antibiotics and that of central venous catheters has increased the number of fungi that can cause disease.
The ¢rst step for e¡ective management of fungal infections would be the early detection of the causative agent to allow adoption of speci¢c therapeutic regimens and to reveal aspects of the infection dynamics. The second step is the actual identi¢cation of the fungus at lower taxa (genus and species levels). This would permit optimisation of the chemotherapeutic regimen and would potentially provide the means for monitoring the infection.
Since the introduction of molecular assays, such as PCR, in the diagnosis of infections, there has been a plethora of di¡erent methods developed for processing clinical samples and identifying the implicated fungi [1^6] . It has been demonstrated that PCR can be used for early detection of fungal elements in whole blood, in cases where blood cultures for detecting Candida and Aspergillus spp. are negative [7] . However, the method has been subjected to criticism concerning lack of reproducibility and validation procedures [8] . Even in cases where probes are used, to verify the ampli¢cation product, their e¤cacy is so far limited to certain species of Candida and Aspergillus [9] and they are considered to be time consuming and costly for use in routine molecular diagnosis.
Despite that, accounts of methods for early detection of fungal DNA in biological £uids by PCR with fungus speci¢c primers employing a rapid, reproducible, sensitive and inexpensive method for extracting DNA from clinical samples have been reported [101 3] . In most cases, a second PCR to the fungal extract would reveal the identity of the fungus, at Genus or species level, according to the primers used, as in the case of Cryptococcus neoformans [6] or A. fumigatus [5] . However, in the case of A. fumigatus it can occasionally be unreliable, probably due to the discrepancies that have been observed in the genomic sequences within certain members of the Genus. [14] . Our own observations (unpublished data) have also shown that the Alp-11/12 primer pair, selective for A. fumigatus and A. £avus can amplify at least one strain of A. carneus and one of A. puniceus, though with poor reproducibility. This limits the use of these primers for clinical use, as saprophytic Aspergillus spp. and common laboratory contaminants can be ampli¢ed.
Recently, a variety of opportunistic fungal pathogens have increasingly been isolated from immunocompromised and immunode¢cient individuals [15] . Therefore, considerable interest has been focused on the utility of selecting general fungal primers, those that recognise constant regions among most medically important fungi [7, 16, 17] .
This study was pursued in order to investigate whether detection of a wide range of fungi could be achieved through a single PCR using DNA extracted from pure culture so as to demonstrate the potential clinical use of the method. Vitreous £uid from clinically suspected candida endophthalmitis and whole blood samples that at a later stage were culture con¢rmed candidaemia cases were also concurrently tested. Subsequently, identi¢cation of the most frequent and ubiquitous fungal pathogens such as Candida, Cryptococcus, Aspergillus and Penicillium species, among other emerging pathogenic fungi, such as Fusarium, Trichosporon, Acremonium, Trichoderma, Mucor and Rhizopus species, was carried out by restriction enzyme analysis after the PCR reaction. The di¡erential restriction digestion patterns of the internal transcribed spacer-1/4 (ITS-1/ 4) ampli¢ed product from target DNA of selected genera was assessed. The ITS-1/4 primers, which lie on either side of the 5.8S rDNA and cover regions of both the nuclear 18S rDNA and the nuclear 28S rDNA, were selected because they are considered to amplify DNA sequences from a wide range of fungi.
We describe four restriction enzymes that were found to contribute in the identi¢cation of a fungus from its digestion patterns, as the size of the amplicon alone was not always enough to identify di¡er-ent fungal genera. Such was the case of the ITS-1/4 ampli¢cation products of C. albicans, C. tropicalis and C. dubliniensis which being identical to each other, only slightly di¡ered from those of C. neoformans and Aspergillus spp.
Aim of study
This study intended to examine whether non-invasive and rapid molecular tests would be essentially useful in the clinical laboratory for the early and accurate diagnosis of a variety of systemic fungal infections.
Materials and methods

Strains
A total of six clinical strains of A. fumigatus, four A. £avus, two A. niger, two A. parasiticus, strains of six Candida spp., (namely C. albicans, C. parapsilosis, C. tropicalis, C. krusei, C. glabrata and C. kefyr) one of C. neoformans var. neoformans, one of C. albidus var. albidus, one of C. laurentii. In addition, one environmental isolate of A. ostianus, A. fumigatus, The bacterial species tested included: Pseudomonas aeruginosa, Enterobacter species, Klebsiella species, Streptococcus pneumoniae and di¡erent subtypes and strains of Neisseria meningitidis.
Preparation of fungal DNA
All ¢lamentous fungi were grown in YEPD broth (6 g of yeast extract, 6 g of mycological peptone, 12 g of glucose per 600 ml) at 30^37³C for 48 h in a volume of 3 ml and rotated at 45^50 rpm. Rotation was performed so as to encourage formation of a mycelial mat rather than a hyphal ball. The mycelial mat was then transferred into 1.5 ml microcentrifuge tube and was lyophilised (Heto VR-1) as described before [18] . Cells were disrupted mechanically with an orbital homogeniser in lysis bu¡er (200 mM TrisHCl, pH 8, 250 mM NaCl, 25 mM EDTA, 0.5% sodium dodecyl sulfate), followed by an extraction with 25 phenol (Sigma, MO, USA):24 chloroform (BDH, Poole, UK):1 isoamyl alcohol (Ferak, Berlin, Germany) and 1 h centrifugation at 4³C at 13 000Ug. The upper aqueous layer was then removed and ribonuclease A (Sigma) at 20 mg ml 3I was added, incubated at 37³C for 10 min and after a pure chloroform extraction the supernatant was precipitated with an equal volume of isopropanol (Merk, Darmstadt, Germany) at 320³C for 15 min and centrifuged at 15 000Ug for 15 min. The pellet was washed with 70% aqueous solution of ethanol and resuspended in sterile distilled water. The DNA extracts were stored at 4³C until processed.
All clinical isolates of yeasts, previously identi¢ed with the API identi¢cation system API ID 32C (BioMe èrieux, Marcy l'Etoile, France), were cultured onto malt extract agar (Difco, Detroit, USA) for 48 h at 30³C. Reference strains were also subjected to the same culture conditions. A loopful from each culture was transferred into 1.5 ml microcentrifuge tubes containing 300 Wl of the lysis bu¡er, and was boiled for 5 min. After cooling, 5 or 6 sterile glass beads of diameter ranging between 1.1 and 1.2 mm (Sherwood, St. Louis, USA) were introduced into each of the Eppendorf tubes, which were subsequently vortexed for 3 min. The suspensions were then frozen for 5 min at 370³C and after thawing they were vortexed again for 3 min. The cell lysate was then transferred to new microfuge tubes for phenol extraction and from this point on the DNA extraction procedure was identical to the one followed for the aspergilli.
Testing of clinical samples
Vitreous £uid obtained from two HIV-infected individuals who presented with clinical evidence of endogenous candida endophthalmitis and whole blood from neutropenic patients with suspected disseminated candidiasis were also subjected to ITS-1/4 PCR-REA using a previously developed method for isolation of fungal DNA from clinical samples [13] .
Bacterial DNA preparation
A modi¢cation of the method proposed by Zambardi et al. [19] was used as follows: colonies from overnight cultures were suspended in 650 Wl of reaction mixture containing 500 Wl sterile HPLC grade water and 150 Wl Chelex solution (15% Chelex 100 resin (w/v), 0.1% Nonidet P40 (v/v), 1% Tween 80 (v/ v)), all from Sigma, and boiled for 30 min at 100³C. The samples were then centrifuged for 8 min at 10 000Ug and 5 Wl of the supernatant were used for PCR ampli¢cation. The PCR conditions were identical to those used for fungal DNA ampli¢ca-tion.
PCR ampli¢cation
For the PCR reaction, 5 Wl of resuspended DNA were used for each reaction along with 2^2.5 U Taq polymerase (Promega, WI, USA) and 100 pmol of each of the ITS-1 (5P-TTCGTAGGTGAACCTGC-GG-3P) and ITS-4 (5P-TCCTCCGCTTATTGATAT-GC-3P) primers (Microchem, Crete, Greece). The total reaction volume was 100 Wl and MgCl P was at 1.5 mM, whereas dNTPs (Clontech, CA, USA) were at 0.1 mM each. The conditions for 30 cycles were 1 min at 95³C, 1 min at 55³C, and 1 min 30 s at 72³C. The ¢nal cycle was 1 min at 95³C, 1 min at 55³C and 5 min at 72³C. The ampli¢cation product was visualised in 2% agarose (Sigma) in 0.5UTBE (0.045 M Tris-borate, 0.001 M EDTA) stained with ethidium bromide.
Restriction endonuclease digestions
Following brightness comparison with the kb marker pBR-322UMspI, both supplied by NEB (Biolabs, USA) the concentration of the amplicon was estimated and 1 Wg was digested with 20^30 U of each of the restriction endonucleases MspI, HinfI, EcoRI and HaeIII (NEB Biolabs) at a volume of 50 Wl in the appropriate bu¡er, for 16 h. Visualisation of the restriction fragments was done in 2^2.5% standard agarose gels, at 30^45 mA or, for enhanced discrimination, at 3^4% MetaPhor agarose gels (FMC, ME, USA) in 1UTBE at the voltage recommended by the manufacturer.
Results
The PCR product was, in some cases, adequate to identify genera, as is the case of Rhizopus sp., which produced a characteristically large amplicon (E622 bp), or to discriminate among species of the same Genus. From the six species of Candida tested, only C. albicans, C. dubliniensis and C. tropicalis had comparable or even identical amplicon sizes. The MspI restriction patterns of C. albicans and C. dubliniensis were identical, but di¡ered from those of C. tropicalis (Fig. 1) . The digestion patterns of all C. neoformans serotypes were indistinguishable with all four enzymes, but in the case of MspI, they di¡ered considerably from those of C. albicans, C. dubliniensis, C. tropicalis, Trichoderma sp. and of the Aspergillus species (Fig. 1) . Interestingly, the C. albidus amplicon was heavier than that of C. neoformans and was not digested with MspI. C. laurentii produced an amplicon smaller than that of C. neoformans, which was digested with MspI, but not with HaeIII (Fig. 2) . Different strains of C. laurentii produced markedly different patterns upon digestion with MspI or HinfI (Fig. 3) . Trichosporon sp. produced a similar pattern, but the fragment sizes were clearly di¡erent compared with those of Cryptococcus and Candida species (results not shown). The penicillia tested gave indistinguishable patterns from those of Aspergillus spp., whereas the Acremonium and Trichoderma spp. gave characteristic ¢ngerprints (Figs. 1 and 4) . The amplicon of Mucor sp. remained uncut by this enzyme (results not shown).
Digestion of the di¡erent Aspergillus spp. with HaeIII gave rather contradictory results, producing indistinguishable patterns among di¡erent species and in other cases di¡erent patterns between strains of the same species (Fig. 5) . Digestion with HinfI however, gave identical patterns between all species and strains of the aspergilli tested, which, also, were slightly di¡erent from both the ones of C. albicans and from the those of cryptococci (Figs. 3 and 8) . In contrast, Fusarium spp. upon restriction with HinfI, produced distinct patterns. (IMI-048340) With EcoRI, all serotypes of C. neoformans gave identical patterns, but slightly di¡erent from that of C. laurentii. In contrast, C. albidus produced a markedly di¡erent pattern from that of both the abovementioned cryptococcal species (Fig. 6) .
Regarding A. fumigatus, eight di¡erent isolates produced two di¡erent ¢ngerprints with EcoRI. Four isolates, coming from the same chronic granulomatous disease patient and typed by MspI and HaeIII into three distinct strains, gave a pattern different from the one produced by the four other A. fumigatus strains tested. This second A. fumigatus digestion pattern was identical to the one produced by all three A. £avus, A. parasiticus and A. niger (Fig. 7) , indicating that there was a possible second infection by di¡erent A. fumigatus strain. Fusarium spp. and Trichosporon sp. produced patterns similar to the ones of most aspergilli (results not shown). From the six Candida spp. examined, only C. glabrata was digested with EcoRI and its ¢ngerprint was di¡erent from that of both Cryptococcus and Aspergillus spp. (Fig. 6) . No EcoRI restriction sites were found on the amplicons of the Penicillium spp. as opposed to the amplicons of Acremonium and Trichoderma spp., where restriction sites were identi¢ed (Fig. 9) .
Vitreous £uid from diagnostic vitrectomy performed on two HIV-positive individuals with clinical evidence of endogenous candida endophthalmitis and the whole blood samples from the neutropenic patients tested gave a positive PCR result with the ITS-1/4 primers. Blood cultures of the latter were positive 10 days after the positive PCR reaction. Results of these clinical cases including validation data obtained from the study of spiked and clinical samples of whole blood are given elsewhere where they are coupled with a rapid DNA extraction method from clinical samples [13] .
No ampli¢cation products were detected upon electrophoresis of any of the bacterial DNA extracts studied. 
Discussion
The increasing incidence of invasive mycoses caused by a variety of fungi which are capable of exploiting the niche provided by immunocompromised hosts, necessitates the establishment of rapid and sensitive diagnostic procedures for a variety of pathogenic species [20^23] .
In non-culture-dependent methods, the ITS rDNA sequences have been used before as general fungal primers for PCR ampli¢cation of yeast and ¢lamen-tous fungal DNA from pure cultures and from clinical specimens [16, 24, 25] . However, there is little information on the exploitation of restriction enzyme analysis upon the ITS-1/4 amplicons in order to differentiate among a wide range of fungal taxa that are likely to be present in clinical specimens. This study has demonstrated that a PCR, based on general fungal primers with sequences derived from the fungal ITS region, can di¡erentiate among evolutionary diverged and well-de¢ned genera. It also gives evidence that restriction digestion of the resulting amplicon, can discriminate among species and in some instances even discriminate among strains of the same species. Rapid di¡erentiation of fungal pathogens in clinical samples is essential for management of systemic fungal infections. For instance, di¡erentiation of Trichosporon sp. from C. neoformans is of particular clinical signi¢cance because neutropenic patients with disseminated trichosporonosis seldom respond to amphotericin B and their serum latex particle agglutination (LPA) test for C. neoformans antigen is positive. Therefore, accurate identi¢cation is mandatory in order to administer promptly the appropriate antifungal chemotherapy. This study has demonstrated that such di¡erentiation is feasible as distinct restriction patterns of the digested PCR product can accurately identify both organisms. The detection system proposed here can provide, upon isolation of fungal DNA from clinical specimens, laboratory di¡erential diagnosis within 24 h. In contrast, serological tests can be misleading, cultures provide results in 24^48 h and identi¢cation of the organism using biochemical methods is achieved after 48 h. Pilot experiments performed in our laboratory indicate that Trichosporon and Cryptococcus species DNA extracted from spiked whole blood samples, can be ampli¢ed and subsequently digested with MspI and EcoRI could provide reliable di¡erential diagnosis between systemic trichosporonosis and cryptococcosis. Besides, diagnosis of pulmonary cryptococcosis in patients without underlying disease is generally di¤cult, since the diagnosis is often established by examination of tissue from lung biopsy [6] . Therefore, detection of cryptococcal DNA in body £uids, such as bronchoalveolar lavage, would be of potential clinical use.
The current literature [21] and anecdotal clinical experience on candida endophthalmitis, veri¢es that culture of the vitreous aspirate has approximately 65% false-negative results. This is attributed to the scarce number of organisms present and to the wellcircumscribed lesions that are di¤cult to aspirate through the small needle used for this procedure. In these cases, the method proposed here could be a useful diagnostic tool [13] .
Work based on other portions of the rDNA, has been reported previously, but in only one case [22] was an e¡ort made to identify the ampli¢cation products by electrophoresis of the HaeIII restriction fragments. The ¢ngerprints obtained led to the categorisation of the isolates into ¢ve groups of fungi, namely the candidae, the cryptococci, Trichosporon species, the aspergilli (including other ¢lamentous Fig. 9 . Ethidium-bromide stained 2.5% agarose gel showing EcoRI restriction fragments. Lanes: 1, Penicillium species (environmental isolate); 2, Trichoderma species (environmental isolate); 3, Acremonium species (environmental isolate); 4, Penicillium species (environmental isolate); 5, Trichoderma species (environmental isolate) ; 6, kb size marker, pBR-322UMspI; 7, A. fumigatus (environmental isolate); 8, A. parasiticus (environmental isolate). fungi) and the zygomycetes. Further improvement of the PCR technique led to the development of speci¢c primers for identi¢cation of the major fungal pathogens, such as Candida species, C. neoformans and A. fumigatus [23] . However, these speci¢c primers must be used in a series of PCR reactions, as opposed to a single one, followed by electrophoresis of 1^16 h MspI, HaeIII, HinfI or EcoRI digests, as proposed here. Besides, any newly formulated primer pairs require meticulous testing with di¡erent strains and species of fungi in order to con¢rm their species or genus speci¢city. In that respect, the ITS-1/4 primers used here, being well de¢ned as general fungal primers [24] , do not require extensive evaluation along these lines. Admittedly, the generated patterns of several strains and species do require extensive evaluation, but the restriction digestion procedure is less costly, simpler and less time-consuming than performing serial PCRs, as restriction digestions can also be performed in 1 h.
The MspI restriction pattern of C. tropicalis was di¡erent from that of C. albicans and C. dubliniensis which, as expected, produced identical patterns due to their close genetic relatedness [26] . Furthermore, the MspI patterns of C. albicans, C. tropicalis, Aspergillus spp., Trichosporon sp. and C. neoformans di¡ered from each other. However, the HinfI, HaeIII, EcoRI and MspI patterns of di¡erent strains and serotypes of C. neoformans were identical. This was anticipated, as it is known that Filobasidiella neoformans var. neoformans is associated with the anamorphic state C. neoformans var. neoformans (serotypes A and D) and F. neoformans var. bacillispora with C. neoformans var. gattii (serotypes B and C). Both F. neoformans varieties exhibit no nucleotide substitutions in the ITS region. Within these species, sequences were found to be identical among varieties, serotypes and strains [27] .
However, C. albidus var. albidus and C. laurentii apart from producing di¡erent ITS-1/4 amplicon sizes, as observed before [16] , could be readily identi¢ed by their distinct restriction patterns as shown in the results. No information on the ITS nucleotide sequences of these Cryptococcus species was retrieved, possibly because they are both considered saprophytic and of no clinical importance. Consequently, studies for epidemiological purposes were not prompted. This is also illustrated by the fact that the majority of published case reports have been severely criticised as being poorly substantiated [28, 29] . Recently, however, we have substantiated two cases of cryptococcaemia and cryptococcal meningitis in AIDS patients, which were due to these two cryptococcal species 1 [30] . The method described here can, therefore, be of potential use in the prompt identi¢cation of C. albidus and C. laurentii, as serum LPA tests are negative in patients infected by these two organisms and traditional methods of identi¢ca-tion are time consuming [30] . Interestingly, the MspI and HinfI patterns of the two strains of C. laurentii tested were di¡erent. This phenomenon is indicative of possible strain-related nucleotide substitutions in the ITS region. Nucleotide sequencing of the C. laurentii ITS region and of its mating types, as well as studying more strains, would test this hypothesis.
On the whole, MspI and HaeIII restriction analysis of the ITS-1/4 ampli¢cation products appears to have considerable, yet crude, typing potential with Aspergillus spp. In that respect, four consecutive isolates (in the course of 18 months) of A. fumigatus from a paediatric patient with chronic granulomatous disease were typed, according to their restriction patterns, into three distinct isolates (results not shown).
Strain di¡erentiation, due to highly variable rDNA sequences, has been recently identi¢ed in the ¢lamentous fungus Rhizoctonia solani [31] . However, no such di¡erentiation has been previously reported among strains of A. fumigatus or of C. laurentii. Sequencing data from more strains would prove whether intraspeci¢c variation, due to divergent`paralogous' or`xenologous' ITS sequences, occurs among A. fumigatus strains.
In general, analyses of the ITS sequences have been widely used in the process of di¡erentiation of phylogenetically closely related species. These include di¡erentiation between yeasts of the genera Torulospora and Zygosaccharomyces, among Saccharomyces species, among the aspergilli of the section Flavi and among host-speci¢c toxin producing Alternaria species [31^35]. 1 These strains have been deposited in the National Collection of Pathogenic Fungi, Mycology Reference Laboratory, Bristol, UK and were assigned the following NCPF numbers: Cryptococcus albidus (NCPF 8249) and Cryptococcus laurentii (NCPF 8225).
Medical advances in the past decade have prolonged the life expectancy of immunocompromised individuals and increased the risk of their exposure to a variety of environmental fungi, many of which have been recognised as new in medicine. These new fungal opportunists have been noted to increase in frequency [15] . Therefore, any information generated from phylogenetic studies based on fungal ITS sequencing data could assist, through the use of diagnostic PCR, in the timely detection of their presence in clinical specimens. This could, in turn, lead to e¡ective management of deep-seated fungal infections.
As illustrated by this study, the detection by ITS-1/4 PCR of Candida, Cryptococcus, Aspergillus, Penicillium, Acremonium and Trichoderma species, as well as that of Trichosporon, Fusarium, Rhizopus and Mucor species, could be a useful adjunct in diagnostic mycology, mainly on time grounds. Experiments already performed in our laboratory indicate that PCR-REA can be coupled with an inexpensive [13] or with a rapid commercially available method (IsoQuick kit, Orca, WA, USA), for the extraction of fungal DNA from spiked and clinical specimens.
Conclusions
Admittedly, a larger sample size of con¢rmed systemic mycoses than the one discussed here is required and collection of more validation data is mandatory before embarking into routine use of the proposed PCR-REA method in clinical samples. These results, however, suggest that the proposed detection system may be useful as a microbiological tool for the di¡erential diagnosis among systemic fungal infections. Furthermore, the potential exploitation of the ITS-1/4 PCR-REA products in diagnostic medical microbiology could, apart from being rapid and less costly, identify fungi and support the epidemiological studies that show an increasing number of fungal opportunistic pathogens.
